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Abstract: A kinetic framework is developed to describe
enzyme activity and stability in two-phase liquid-liquid
systems. In particular, the model is applied to the enzy-
matic production of benzaldehyde from mandelonitrile
by Prunus amygdalus hydroxynitrile lyase (pa-Hnl) ad-
sorbed at the diisopropyl ether (DIPE)/aqueous buffer
interface (pH = 5.5). We quantitatively describe our
previously obtained experimental kinetic results (Hickel
et al., 1999; 2001), and we successfully account for the
aqueous-phase enzyme concentration dependence of
product formation rates and the observed reaction rates
at early times. Multilayer growth explains the early time
reversibility of enzyme adsorption at the DIPE/buffer in-
terface observed by both enzyme-activity and dynamic-
interfacial-tension washout experiments that replace the
aqueous enzyme solution with a buffer solution. The
postulated explanation for the unusual stability of pa-Hnl
adsorbed at the DIPE/buffer interface is attributed to a
two-layer adsorption mechanism. In the first layer, slow
conformational change from the native state leads to
irreversible attachment and partial loss of catalytic ac-
tivity. In the second layer, pa-Hnl is reversibly adsorbed
without loss in catalytic activity. The measured catalytic
activity is the combined effect of the deactivation kinetics
of the first layer and of the adsorption kinetics of each
layer. For the specific case of pa-Hnl adsorbed at the
DIPE/buffer interface, this combined effect is nearly
constant for several hours resulting in no apparent loss
of catalytic activity. Our proposed kinetic model can be
extended to other interfacially active enzymes and other
organic solvents. Finally, we indicate how interfacial-
tension lag times provide a powerful tool for rational
solvent selection and enzyme engineering. © 2002 Wiley
Periodicals, Inc. Biotechnol Bioeng 78: 595-605, 2002.
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INTRODUCTION

Adsorption of proteins at fluid and solid interfaces, ac-
companied by conformational changes that may impact
their catalytic or biological function, is of importance for
a wide range of applications, including industrial bioca-
talysis, and delivery and stabilization of therapeutic pro-
teins. With an increasing number of therapeutic proteins
reaching commercialization, novel delivery routes are
needed to transport large molecular-weight compounds
through the human body while retaining efficacy and
stability (Malmsten, 1998; Park and Mrsny, 2000). De-
livery routes include transport across interfaces involved
in pulmonary drug delivery, transdermal patches, and
electrotransport. Enzymes are also increasingly finding
application as biotransformation agents in two-phase
liquid systems. One of the main obstacles precluding
wider use of enzymes as industrial biocatalysts is the lack
of understanding of their adsorption behavior and pos-
sible conformational changes leading to denaturation at
liquid/liquid and gas/liquid interfaces.

In this work, we present a framework for the analysis
of interfacial enzymatic reactions in two-phase liquid—
liquid systems. The approach is based on understanding
obtained from our earlier experimental studies employ-
ing hydroxynitrile lyase from Prunus amygdalus (pa-
Hnl, EC 4.1.2.10) adsorbed at the organic solvent/water
interface (Hickel et al., 1998; 1999; 2001). Because of
their usefulness in the formation and cleavage of chiral
cyanohydrins, Hnls are potentially valuable biocatalysts
for the chemical industry (Dreveny et al., 2001; Effen-
berger, 1994; Effenberger et al., 2000; Johnson et al.,
2000; Wajant and Effenberger, 1996). Challenges in the
application of Hnls at an industrial scale, however, in-
clude the aqueous-phase chemical reaction leading to a
decrease in product enantiomeric purity, bulk enzyme



instability at low pH values, and the lack of availability
of enzyme in large amounts (Hickel and Griengl, 1996;
Hickel et al., 1997). Using the enzymes in an organic/
aqueous two-phase system, where the substrate and
product are primarily soluble in the organic phase, could
potentially solve some of these problems. Here, the
aqueous-phase background reaction is negligible, and
the enzymes can be used at pH values near their stability
and activity optima. (Bauer et al., 1999; Effenberger,
1994; Forster et al., 1996; Loos et al., 1995).

Previously, we established that mandelonitrile cleav-
age to form benzaldehyde by pa-Hnl is carried out by
the enzyme residing directly (i.e., adsorbed) at the
organic solvent/water interface and does not result from
activity in the bulk aqueous phase (Hickel et al., 1999).
pa-Hnl exhibits the highest stability but the lowest initial
catalytic activity at the aqueous/organic solvent inter-
face with highly polar organic solvents. Thus, use of
diisopropylether (DIPE) and methyl tert-butyl ether
(MTBE) results in no loss in enzyme activity over a
period of several hours. Conversely, the more apolar the
solvent, the higher is the initial pa-Hnl catalytic activity,
and the more rapid is the loss of activity, as is evidenced
by heptane and dibutyl-ecther (DBE) kinetic data. pa-
Hnl adsorbs irreversibly after 30 min at the DIPE/water
interface, but with no apparent loss of catalytic activity
(Hickel et al., 2001). Dynamic-interfacial-tension mea-
surements indicate that pa-Hnl adsorbs more strongly at
the interface of apolar solvents. This is attributed to a
higher number of molecular contacts with the interface
due to enzyme unfolding and denaturing following
adsorption (Hickel et al., 1998).

In this work, we develop a quantitative kinetic model
for enzyme adsorption at the organic solvent/water in-
terface, which sequentially results in denaturation. Thus,
following adsorption at the interface, enzyme confor-
mational changes lead to a reduction in catalytic activity.
We describe interfacial denaturation by a simplified two-
state process: the enzyme assumes native (N) and un-
folded (U) conformations. Multilayer growth is de-
scribed by incorporation of a second enzyme layer at the
interface. The model is applied here to the cleavage of
mandelonitrile to benzaldehyde by pa-Hnl at the DIPE/
water interface at pH 5.5 in a phosphate buffer.

Previous kinetic models for the reaction catalyzed by
pa-Hnl in two-phase systems fail to account for the in-
terfacial nature of the reaction (Willeman et al., 2000).
Specifically, the model presented here correctly portrays
the observed partial reversibility of enzyme adsorption
at long times, the constant reaction rates observed at
early times, and the reaction-rate dependence on bulk
enzyme concentration. Our kinetic framework can be
easily extended to other enzymes and to other organic
solvents.

In addition, the proposed model provides a rationale
for the observed differences in interfacial-tension lag
times upon pa-Hnl adsorption at different organic sol-

vent/water interfaces. Deviations of the lag times from
those based on mass-transfer resistances indicate the
existence of important interfacial adsorption and un-
folding barriers with implications for the maintenance of
catalytic activity over long reaction times.

Observed Kinetics of pa-Hnl at the
Dipe/Water Interface

An example of interfacial enzyme kinetics is provided by
the measured cleavage kinetics of mandelonitrile to
benzaldehyde by pa-Hydroxynitrile lyase at an organic
solvent/water interface from Hickel et al. (1998; 1999;
2001). We focus here primarily on the DIPE/water in-
terface at pH 5.5, which represents a promising organic
solvent/aqueous solution combination for two-phase
catalysis with pa-Hnl (Hickel et al., 1999; Kiljunen and
Kanerva, 1997a; 1997b). The kinetics of this interfacial
reaction is available as a function of time, bulk enzyme
concentration, nature of the organic phase, and enzyme
adsorption in a recycle-reactor with no mass-transfer
limitations in either the organic or aqueous phases. We
briefly review the experimental findings and their current
interpretation.

Hickel et al. (1999) established for the first time that
pa-Hnl residing at the organic solvent/water interface is
responsible for mandelonitrile cleavage. Evidence for an
interfacial reaction included a linear dependence of the
reaction rate on interfacial area, no dependence on the
aqueous-phase volume, and cessation of the reaction
when the interface is preadsorbed with denatured en-
zyme. Details are provided elsewhere (Hickel et al.,
1999).

pa-Hnl exhibits high stability but low initial catalytic
activity at the aqueous—organic interface with polar
solvents, such as DIPE. In contrast, pa-Hnl adsorption
at the apolar heptane/water interface initiates a burst in
kinetic activity followed by complete deactivation within
minutes. However, no loss in activity is observed for
several hours with DIPE as the organic solvent (Hickel
et al., 2001). In parallel with these observations, dy-
namic-surface-tension measurements at both interfaces
for the same enzyme concentration indicates rapid inter-
facial-tension lowering at the heptane/water interface,
while no appreciable interfacial tension lowering is
obtained for several hours with DIPE as the organic
solvent (Hickel et al., 2001). These observations were
explained on the basis of a higher degree of unfolding at
the more apolar organic/water interfaces (i.e., heptane/
water) leading to loss of enzymatic activity.

pa-Hnl at the DIPE/water interface follows Michael-
is-Menten kinetics, where, additionally, a small amount
of substrate appears necessary for enzyme activation
(Hickel et al., 1999). Even though adsorbed to the
DIPE/water interface, pa-Hnl displays remarkable sta-
bility, as indicated by constant reaction rates for up to
several hours. This finding is illustrated by the open
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symbols in Figure 1 where for several aqueous enzyme
concentrations, a linear dependence of product con-
centration on time reflects constant reaction rates. Solid
lines in this figure, and in Figures 2 and 3 to follow,
correspond to theory and are described later. At high
aqueous enzyme concentrations, the observed enzymatic
activity reaches a plateau, as indicated by the closed
circles in Figure 2, characteristic of an adsorption-
packing limitation.

The results shown in Figures 1 and 2 were previously
interpreted by postulating reversible Langmuir adsorp-
tion at the interface (Hickel et al., 1999). However, later
washout data obtained by replacing the aqueous enzyme
solution with a buffer solution indicate that pa-Hnl is
partially irreversibly adsorbed after only 30 min of
exposure to the interface (Hickel et al., 2001). For
example, the closed circles in Figure 3 reveal that after
the enzyme has been adsorbed at the interface for more
than 180 min the remaining activity after washout of the
aqueous enzyme is about one third of the initial value.
However, dynamic interfacial-tension measurements
done under similar conditions demonstrate complete
irreversibility on this time scale (cf., Figs. 9—11 of Hickel
et al., 2001). Based on these results, Hickel et al. (2001)
proposed either that about one third of the enzyme is
irreversibly adsorbed and retains its initial catalytic
activity or that a second adsorbed layer augments the

overall measured catalytic activity without contributing
to surface-tension lowering.

In the next sections, we develop a kinetic framework
for interfacial enzymatic reactions. Within this frame-
work, we reconcile our earlier results (Hickel et al.,
1999) with our most recent observations (Hickel et al.,
2001). Specifically, we account for the observed par-
tial reversibility of enzyme adsorption, as determined
from enzyme-activity washout experiments, the total
irreversibility of adsorption observed in dynamic-
interfacial-tension experiments, the reaction-rate de-
pendence with bulk enzyme concentration, and the
apparent constant rates of reaction observed at early
times. In addition, we provide a quantitative interpre-
tation of dynamic interfacial-tension measurements and
describe their usefulness in predicting enzyme stability at
different organic solvent/water interfaces.

A Model for Interfacial Enzyme
Adsorption and Activity

Proteins have long been known to adsorb strongly at
interfaces (Stuart et al., 1991). Upon adsorption from
the aqueous phase, proteins may undergo significant
conformational changes in an attempt to lower their
interfacial free energy by exposure and even protrusion
of hydrophobic segments into an air or organic phase.
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Figure 1.

Dependence of benzaldehyde product formation, (Cp4 = P), on time different enzyme concentrations: 50 mM KH,POy, pH 5.5, Cy/n =

10.1 mM. The solid lines are a best fit to the kinetic model in Equations (1)—(4).
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Figure 2. Interfacial benzaldehyde product formation rate, dP/dt, as

a function of the aqueous-phase pa-Hnl concentration. The solid line
corresponds to a best fit to the kinetic model in Equations (1)—(4) with
S=Cyn=10.1 mM, So=1.33 mM, K),=14.4 mM, 50 mM KH,PO,
buffer, pH 5.5. After Hickel et al. (1999) with permission.

Although there are few reports providing direct obser-
vations of conformational changes (see, however, Tupy,
1998), such changes are evidenced by enzyme deactiva-
tion upon exposure to an interface, interfacial-tension
lowering over long periods of time, multilayer growth,
and development of interfacial networks, such as skins
(Cascao Pereira et al.,, 2001; Graham and Phillips,
1979a; Tupy et al., 1998). Adsorbed proteins may be
present in various conformational states with different
degrees of unfolding that result in differences in enzy-
matic activity, ranging from fully active to inactive. The
presence of various unfolded interfacial conformations
corresponds to current descriptions of enzyme deacti-
vation in bulk water resulting from denaturing agents
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Figure 3. Dependence of the product formation rate, dP/dt, on the
adsorption time of pa-Hnl at the DIPE/water interface measured after
removal of the aqueous enzyme phase. The solid line corresponds to a
best fit to the kinetic model in Equations (1)-(4) with S= Cyn = 10.1
mM, So=1.33 mM, Km=14.4 mM, 50 mM KH,PO, buffer, pH 5.5.
After Hickel et al. (2001) with permission.

such as acid, urea, temperature, or pressure. Bulk un-
folding processes may be classified as either ‘cooperative’
or ‘noncooperative’ (Dill and Shortle, 1991; Fersht,
1998). In a strongly cooperative unfolding process, the
protein structure changes in an ‘all-or-none’ manner.
The transition involves only two distinct biological en-
tities: native (N) and unfolded (U) states. Conversely, in
a ‘non-cooperative’ transition, several intermediate
conformational states become populated having bio-
logical activities lying between the extremes represented
by the native and unfolded states. Most globular-protein
unfolding reactions are well described by a simple two-
state cooperative mechanism (Fersht, 1998). Even in
cases where the transition proceeds through a series of
intermediates, a cooperative process can describe most
individual unfolding steps. We consider that enzyme
unfolding upon exposure to an interface can be de-
scribed in a manner similar to that employed for com-
mon denaturants in bulk water, such as acid, urea,
temperature, or pressure.

With this framework, the enzyme adsorption process
and subsequent conformational changes leading to de-
activation are illustrated in Figure 4. Rather than
tracking a number of intermediate enzyme states at the
interface and their individual contributions to the
overall measured kinetics, we consider only two states,
N and U, having native and (partially) unfolded con-
formations. These conformations correspond to ex-
tremes of enzyme activity and degree of irreversible
adsorption at the interface.

Figure 4 depicts the various adsorption events envi-
sioned in our model. At early times, enzyme present in
the aqueous phase adsorbs reversibly at the interface in
state N with native conformation and activity. Once in
this configuration, the enzyme subsequently desorbs into
the aqueous phase or is converted into the unfolded
state U because of exposure to the interface. Enzyme in
state U is significantly unfolded and likely consists of
trains and loops extending into the water and organic
phases (Anderson et al., 2000; Graham and Phillips,
1979¢). State U may have a different projected area than
that of state N and is irreversibly adsorbed. Further-
more, in this partially or completely unfolded state, in-
terprotein interactions are enhanced due to exposure of
hydrophobic residues (Anderson et al., 2000; Bratko
and Blanch, 2001). Adsorbed denatured proteins thus
provide sites for further adsorption of native proteins
from the underlying aqueous phase with consequent
formation of multilayers. Here, we only consider for-
mation of a second protein layer. At long times, the first
layer saturates the interface with partially denatured
protein, thus contributing less to the overall interfacial
catalytic activity. Most of the observed catalytic activity
then arises from protein in its native state adsorbed in
the second layer.

Interfacial mass balances for enzyme concentrations in
the first (1) and second (2) layers involve surface excess
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P and S are product and substrate concentrations in the
organic phase, k., is the enzymatic rate constant, a, is
the interfacial area per reactor volume (here 0.1146 m?
L"), and K, is the Michaelis-Menten constant (14.4
mM for the interfacial reaction). The last term in pa-
rentheses on the right of Equation (4) reflects the
Michaelis-Menten linear dependence on enzyme con-
centration, only now expressed in surface concentra-
tions. We assume that both N and U in layers 1 and 2
contribute to the enzymatic reaction. However, because
the U species is partially unfolded, its contribution to
the overall rate of product formation is weighted by a
parameter €, set between zero (strong denaturing or-
ganic phases such as heptane) to unity (nondenaturing
solvents).

The experimental mandelonitrile concentration is
10.1 mM (Hickel et al., 1999). At this concentration, no
change in the substrate concentration occurs during the
reaction period. Consequently, S is constant in Equation
(4). Only the surface coverages depend on time. Thus,
given the solution to the enzyme adsorption kinetics
described above in Equations (1)—(3), product formation
follows directly from integration of Equation (4).

Parameter Determination

The model contains a number of kinetic parameters that
we independently evaluate from the experimental data.
Figure 3 (i.e., the reaction rate, dP/dt, as a function of
time following removal of aqueous-phase enzyme) pro-
vides a measure of the U-state enzyme adsorbed in the
first layer. At long times, the measured enzyme activity
is seen to remain constant. Consequently, we conclude
that the first layer of adsorbed protein contains only the
U species because the first-layer N species is removed.
Accordingly, from Equation (4) the contribution of
layer 1 to the long-time reaction rate is:

deo _ kearl'maxay (S - SO)
dt MWpa—Hnl (S - SO + KM)

()

where I'y} = 0,I'f;; = I'max, and the superscript o de-
notes infinite time. There are two unknowns in this ex-
pression: the product k., I'max and €. From Figure 3, the
long-time contribution of denatured enzyme to the
overall rate, dP{°/dt, is about 0.0025 mM min~'.

It is now possible to estimate the contribution of the
second layer to the total rate of reaction at long times by
subtracting the contribution of the first layer, estimated
above, from the reaction rates presented in Figure 2.
According to Equation (3), at long times the concen-
tration of native enzyme adsorbed in the second layer is
related to the aqueous phase enzyme concentration by a
Langmuir-type isotherm. Hence, at long times we write
that:

dP(z)o B km,ay (S — So) e (6)
dt — MWpapiu (S — So + Kur)

where  I'%) = cp0 g lmax /(g + K2)  and Ko =
kap/kas. The unknowns in the above expressions are
keal'max and the equilibrium constant K, both of which
can be obtained by a fit of the product-formation rate
data in Figure 2 to the predictions of Equation (6). With
keal'max now available, Equation (5) is employed to
estimate €, the deactivation parameter.

Kinetic data obtained following the removal of
aqueous-phase enzyme demonstrate activity decrease
within several minutes (Hickel, private communication).
Thus, from Equations (1), (3), and (4), we estimate the
kinetic rate constants for desorption k; p and k,p each to
be approximately 1.0 min~". In this manner, the kinetic
rate constant for adsorption of N2 molecules in the
second layer is estimated as k»y = K, * kpp. The rate
constant of conformational change from N to U, k¢, is
directly estimated from the remaining enzyme activity
data following removal of the aqueous enzyme phase
illustrated in Figure 3. Reversibility is lost in about 180
min. Hence, k¢ = 1/60 min~' corresponds to conversion
of nearly 99% of the N species. This value for the rate
constant could also be estimated by examining the dy-
namic-tension-washout experimental data done under
similar conditions (cf., Figs. 10-12 of Hickel et al.,
2001).

The only parameter for which no independent esti-
mate is readily available is the kinetic rate constant
for adsorption of N molecules in the first layer, kj 4. A
set of parameters that best fits the product formation
for different bulk enzyme concentrations can be ob-
tained from a nonlinear curve-fit of Equations (1)-(4)
to the data in Figure 1. Best-fit calculations were
performed using Matlab 6.0 (The MathWorks Inc.,
Natick, MA) with the Optimization Toolbox for
nonlinear curve fitting employing multiple data sets.
Based on this overall fitting scheme, kinetic rate
constants for pa-Hnl at the DIPE/water interface are
reported in Table I.

The listed rate constants in Table I reflect individual
contributions to the measured enzymatic activity arising
from the first layer, in the N and U states, as well as in
the second layer, yielding a nearly linear dependence of
product concentration with time. These individual con-
tributions, along with the total product production, are
graphed in Figure 5 for an enzyme concentration equal
to 292 mg L™!. Eventually, the contribution of the N1
species decays to zero as the native adsorbed protein
decays to the Ul unfolded state finally occupying com-
plete coverage. Likewise, the contribution to product
formation of the second layer eventually reaches a
constant due to reversible adsorption at Ul sites. In
Figure 5, the loss of activity due to unfolding in the first
layer (N to U transition) is nearly compensated by the
additional activity arising from development of the
second adsorbed enzyme layer. Departure from constant
rates of product formation at longer times is physically
expected, as some denaturation must occur in the second
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Table I. Kinetic parameters.

Symbol Value Units
ki 523 %107 L min~' mg™"’
kip 1.0 min~!

ko 1.02 x 1072 L min~! mg™!
kip 1.0 min™"

ke 0.0167 min~!

keal max 3.20 x 10* mg m~2 min~!
€ 0.13 [-]

layer. Deactivation of the second layer is not included in
our model, because pa-Hnl is extremely stable at the
DIPE/water interface up to several hours, and no ap-
parent overall loss of activity is detected over the time
scale of our experiments. Thus, the linear kinetics ob-
served in Figure 1 is not the result of a stable, reversibly
adsorbing native enzyme, but rather a more complicated
combination of factors including unfolding, denaturing,
and irreversible and multilayer adsorption. Other more
apolar solvents than DIPE that strongly adsorb and
denature pa-Hnl are not expected to demonstrate such
simple linear kinetics, and indeed they do not (Hickel et
al., 2001).

Comparison to Experiment

As noted earlier, solid lines in Figures 1-3 are the result
of the proposed kinetic model using the parameters
listed in Table I. Excellent agreement is obtained in
Figure 1 demonstrating a linear product appearance in
time spanning 2 orders of magnitude in enzyme con-
centration. Likewise, agreement of theory with the re-
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Figure 5. Dependence of benzaldehyde product formation, (Cg4 = P)
on time, for a pa-Hnl aqueous-phase concentration: cp7 ., =
292 mg L', 50 mM KH,PO,, pH 5.5, Cyxy=10.1 mM. The upper-
most solid line corresponds to the kinetic model in Equations (1)—(4)
using the parameters in Table 1. The remaining solid lines indicate
individual contributions to the overall measured reaction rate arising
from molecules in either the native N or unfolded U states of the first
layers, and molecules in the native state N in the second layer.

action-rate isotherm (i.e., the slopes of the product
formation curves in Fig. 1) in Figure 2 is quite good.
Originally, we ascribed the limiting behavior in Figure 2
as due to a reversible Langmuir-like adsorption of pa-
Hnl at the DIPE/water interface (Hickel et al., 1999).
The current kinetic model reflects irreversible adsorption
and denaturing of pa-Hnl at the DIPE/water surface.

Finally, agreement of the kinetic model with the
washout kinetic data in Figure 3 is again excellent. This
curve cannot be explained without invoking enzyme
partial denaturation and irreversible adsorption (Hickel
et al., 2001). Our proposed kinetic model captures these
two essential features.

Discussion of Kinetic Results

The enzymatic-activity data presented in Figure 3 fol-
lowing washout of the aqueous enzyme clearly demon-
strate that some irreversible adsorption has occurred
after about 3 h. As previously reported, this loss of re-
versibility parallels interfacial-tension measurements
under similar conditions (see Figs. 10-12 of Hickel et al.,
2001). At longer times, about 25-30% of the initial en-
zymatic activity level is observed. We account for par-
tially reversible enzyme adsorption by incorporating a
reversibly adsorbed and catalytically active second
protein layer. Partial reversibility is also obtained with a
single-layer size-change model (Brusatori and Van Tas-
sel, 1999). In this alternate model, a transition from
native to irreversibly adsorbed state is considered to
involve a protein-spreading mechanism resulting in a
size increase of the irreversibly adsorbed species. In the
spreading mechanism, partial reversibility evolves at
close to saturation coverages when there is no further
space available for spreading. As a consequence, re-
versibly adsorbed molecules in their native state are
blocked from unfolding to an irreversibly adsorbed
configuration. Unfortunately, such a steric-hinderance
mechanism cannot explain the interfacial-tension mea-
surements reported earlier that indicate total loss of
reversibility of the first protein layer within 3 h (see Figs.
10-12 of Hickel et al., 2001).

The kinetic rate constants for adsorption obtained
from a fit to the data indicate that the adsorption rate
into the first layer, characterized by k4, is about 5 times
faster than adsorption into the second layer, character-
ized by k» 4. From our model, it is not possible to obtain
the individual values of either k,,, or I';.x but only their
product k,,Timax Which has a value of 32,000 m* mg™"
min~'. Using a projected area based on the diameter of
pa-Hnl and assuming hexagonal close packing at the
interface, a value of T’ is estimated to be 1.20 mg m~?
(Hickel et al., 1999). It then follows that the catalytic
rate constant for the native state k%, is 26,600 min~'
(443 s7') and for the unfolded-state rate constant
kU =¢g-kY . is 3,466 min~' (58 s'). Compared to the
catalytic rate constant in the aqueous bulk phase of

CASCAO PEREIRA ET AL.: KINETIC MODEL OF pa-HYDROXYNITRILE LYASE AT AN INTERFACE 601



11,520 min~" (192 s™") (Hickel et al., 1999), the specific
interfacial enzyme activity is higher upon initial ad-
sorption at the interface, and is followed by deactivation
as a consequence of unfolding. Small conformational
changes of lipases have been proposed as the origin of
this enhanced activity at the interface (Hickel et al.,
1999). Partial unfolding may, to some extent, favor
substrate binding and conversion. The deactivation pa-
rameter € has a value of 0.13 in Table I, indicating that
U molecules are significantly less active than the re-
versibly adsorbed N species, even with DIPE as the
organic solvent.

First-order kinetics has been employed to describe the
unfolding process. As noted earlier, noncooperative
unfolding processes involve several intermediates and
are usually described by second-order kinetics (Dill and
Shortle, 1991). Hevea brasiliensis, is similar to pa-Hnl,
and has been reported to unfold in aqueous buffer as a
function of acid denaturant in a noncooperative manner
(Hanefeld et al., 2001). A similar description of second-
order pa-Hnl unfolding at the interface could have been
employed in this work. The essential conclusions of this
article, however, remain unchanged by assuming a
simple first-order process.

The proposed interfacial kinetic framework easily
lends itself to description of the effects of other solvents.
For the case of heptane, a highly denaturing solvent, we
expect an initially high rate, characterized by a catalytic
rate constant for the adsorbed native state (k%,) which
is much higher than that in the bulk aqueous phase,
followed by a rapid deactivation as no enzyme activity is
detected at later times (i.e., ¢ = 0). Enzymes adsorbed in
a second layer will also deactivate. This explains the
burst in kinetics accompanied by rapid deactivation il-
lustrated in Figure 6 of Hickel et al. (2001).

DYNAMIC INTERFACIAL TENSION

Dynamic Interfacial Enzyme Activity

Dynamic-interfacial-tension measurements provide addi-
tional insight into both the adsorption mechanisms and
the subsequent conformational rearrangement processes
that take place at the fluid/fluid interface. Measured
dynamic interfacial tensions typically display three time
regimes (Beverung et al., 1998; 1999; Tripp et al., 1995).
The first regime is the lag time commonly associated
with the rate of arrival of proteins at the interface from
the aqueous phase following a mass-transfer mechanism

MT 1A
Cpa Hnl

Figure 6. Schematic of the individual mass transfer and kinetic events
associated with the onset of unfolding in the first layer.

that can be convective, diffusive, or a combination of
both. During this period, there is minimal reduction in
tension. This slight reduction in tension is usually in-
terpreted as due to a sparsely populated interface
(Beverung et al., 1999). The second regime indicates
initial unfolding of protein molecules at the interface
entailing exposure and/or protrusion of protein seg-
ments into the air or organic phases accompanied by a
pronounced decrease in interfacial tension. The third
time regime provides further lowering in tension by
strong lateral interactions among adsorbed proteins,
resulting in, for example, the formation of interfacial
aggregates or a gel. This mechanism reduces tension at a
slower rate than that occurring in the second time re-
gime. This last regime is seldom observed for globular
proteins even over time scales up to a day. In contrast,
loosely bound, random coil proteins, like B-casein ex-
hibit this third regime comparatively quickly at ambient
temperature.

Examination of the experimental lag time, especially
its deviation from values resulting from mass-transfer
limitations, provides insight into the time scale of en-
zyme denaturation at an interface, especially with re-
spect to the nature of the solvent. Here we consider that
interfacial-tension lowering is mainly caused only by
molecules adsorbed in the first layer and is primarily due
to enzymes in the unfolded state. The lag time then
provides a measure of the time scale for arrival of N
species at the interface followed by conversion to the U
state.

As illustrated in Figure 6, consider an enzyme ad-
sorbing from solution in the native state followed by
conformational change to the unfolded state. The
aqueous-phase bulk enzyme concentration directly at
the interface is denoted as (’pa - Bulk aqueous enzymes
at this location are considered to be in equilibrium with
those reversibly adsorbed in the native state at the in-
terface with surface concentration T'y;. Following ex-
posure to the interface, the adsorbed enzymes unfold in
the sequence of steps shown in Figure 6. In this se-
quence, the second, or adsorption, event is reversible
and is replaced by an irreversible step with an effective
rate constant designated as £’ (Cleland, 1963):

k
k/ = <kC_|_—Cle>k1A(FmaX — FN] l—‘Ul) pa -Hnl (7)

where the first term in parentheses denotes the prob-
ability of the native adsorbed species unfolding rather
than desorbing. The total characteristic time required
to reach the unfolded state also includes a mass-
transfer resistance and a kinetic resistance to unfold.
Hence, the total lag time is given by the sum of three
transit times:

1 Fmax 1
K ke (8)

Tlge = ———
“ aykyr
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where k,,7 denotes a mass-transfer coefficient. The first
term on the right corresponds to the characteristic mass-
transfer time for bringing a protein from the bulk to a
sublayer immediately adjacent to the interface. The
second term corresponds to the characteristic time for
adsorption of the native species: It is a measure of the
protein affinity for the organic/water interface. The last
term corresponds to the characteristic time for confor-
mational rearrangement once adsorbed.

In a typical pendant-drop interfacial-tension mea-
surement in the absence of stirring, the mass-transfer
resistance is typically due to diffusion, assuming negli-
gible natural convection. A diffusive time-scale for
transport to the interface is found from the character-
istic diffusive length, given by the ratio of the maximum
possible adsorbed amount T, to that available in
the bulk ¢y /. and the native-state protein bulk diffu-
sion coefficient, D. With these definitions, Equation (8)
becomes:

Tige l 1—‘max + kC + le + i (9)
“ D c;z-Hnl kck] A c})ga—Hnl kc

By considering a typical protein diffusion coefficient
of D~5x 107" em?™!, Thax equal to 1-2 mg m~2, and
Coa-ti = 10 Mg L', we estimate the diffusion time scale
to be about 100 s.

Interfacial-tension lowering only becomes appreciable
for surface concentrations of the tension-lowering spe-
cies, i.e., the unfolded state, above 90% coverage, be-
cause interfacial-tension lowering in a site-model scales
as In[(Tmax — T'u1)/Tmax]. Hence, a more reasonable es-
timate of the interfacial tension lag time is within a
multiple of 4-5 times t;,,. Lag times are further under-
predicted by Equation (9), because the coverage-
dependence term (I'.x — I'yy —'yy) that multiplies &y 4
has been estimated for simplicity as I'yax.

Lag Times

For strongly denaturing solvents where pa-Hnl exhibits
a high adsorption affinity (i.e., a high k;, and a small
ki1p) and a propensity for unfolding (i.e., high k), the
lag times in a tension measurement are limited by en-
zyme diffusion to and from the interface. This time scale
is given by the first term on the right of Equation (9).
This is indeed the case for the solvent heptane, as pre-
viously observed by Hickel et al., for which tension
lowering is almost immediately observed, accompanied
by a very fast loss of enzymatic activity (see Fig. 8 of
Hickel et al., 2001).

For more weakly denaturing solvents, the affinity for
the interface is lower (i.e., a small k; 4 and a high k;p) as
well as is the propensity for unfolding (i.e., a small k¢)
Here the lag times observed are considerably longer than
estimated for diffusion alone and are controlled by a
combination of adsorption and conformational rear-

rangements at the interface. In this limiting case,
Equation (9) reduces to:

ke +kip 1
Tige 2 —n————— + — 10
log kckiaCogpy ke (10)

This second case applies to DIPE as the organic phase.
No appreciable lowering in tension is observed for up to
15 h for an aqueous enzyme concentration equal to 10
mg L', Concomitantly, no significant enzyme deacti-
vation is observed for several hours indicating a slow
transition to the unfolded, less-active state (see Fig. 8 of
Hickel et al., 2001). The observed lag time with dibutyl
ether (DBE) is intermediate between DIPE and heptane,
which is in agreement with the observed activities.

It is also instructive to compare adsorption of B-ca-
sein, lysozyme, and pa-Hnl at the DIPE interface all at
the same concentration (see Fig. 13 of Hickel et al.,
1999). The small differences in protein diffusion coeffi-
cients cannot explain the large variation of the observed
lag times. B-casein, being a coil-like protein, quickly
reduces tension after a few seconds. Lysozyme, being
globular, exhibits a long lag time up to 100 min, indi-
cating a lower proclivity for interfacial unfolding. No
appreciable lowering in tension due to pa-Hnl is ob-
served even after 15 h at an aqueous enzyme concen-
tration equal to 10 mg L™ indicating slow arrival to the
unfolded state. The prevalent mechanism dictating such
long lag times, e.g., weak adsorption or slow unfolding,
cannot be answered solely on the basis of interfacial-
tension measurements. Measurements of adsorbed
amounts under the same conditions, for instance using
ellipsometry or TIRFS, are also required (Graham and
Phillips, 1979b; Tupy et al., 1998).

CONCLUSIONS

The kinetic model developed in this work confirms our
previous conclusions while providing additional quanti-
tative insight into the reaction kinetics of pa-Hnl at the
DIPE/water interface (Hickel et al., 1999; 2001). Upon
adsorption at the organic solvent/water interface, pa-Hnl
likely denatures and deactivates. Exposure of an enzyme
to an interface acts in much the same way as exposure to
denaturants commonly used in bulk unfolding/refolding
studies. The adsorbed protein molecule undergoes con-
formational change and rearrangement at the interface
accompanied by a reduction in catalytic activity. This is
true even for the DIPE/water interface for which no ap-
parent loss of activity can be measured within the several
hours of the experiments undertaken. As the adsorbed
enzymes unfold and deactivate in the layer immediately
adjacent to the interface, they act as seeds for multilayer
growth (taken into account here as a second layer) due to
attractive intermolecular interactions, probably arising
from exposure of their hydrophobic cores at the inter-
face. For the case of the DIPE/water interface, however,
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this unfolding does not compromise the overall measured
reaction rate that remains constant within the duration of
our experiments. Apparently, partial deactivation of pa-
Hnl adsorbed in the first layer is offset by the catalytic
contribution of native pa-Hnl adsorbed in the sublayer.
Because of denaturation, some irreversibility develops
already after short times, about 20 minutes. Partial re-
versibility is obtained at large times as a consequence of
multilayer formation. This reversibility cannot be de-
tected by dynamic-tension washout experiments because
surface tension is primarily a probe of the energetic state
of molecules adsorbed in the first layer. However, it is
detectable by enzymatic-activity washout experiments.

The extraordinary stability of pa-Hnl at the DIPE/
water interface arises from the duration of this ‘overall
compensation” mechanism being rather long, compara-
ble to the time-scale of our experiments and is respon-
sible for the nearly linear product formation with time.
At longer times than measured, we anticipate that the
catalytic activity of pa-Hnl should diminish. Interfacial
denaturation appears to be a rather general phenome-
non. For the case of more apolar, strongly denaturing
solvents, the end of this ‘overall compensation’ regime is
observed much earlier as in the case of heptane and
DBE as the organic solvents.

The framework of our kinetic model is particularly
useful for the interpretation of dynamic-tension lag
times. A measured lag time greater than that predicted
based on mass-transfer considerations is an indication of
either strong kinetic adsorption barriers and/or of a
slow propensity to unfold. It is not possible to determine
the prevailing mechanism without an accompanying
measure of the interfacial adsorbed amounts. In the
event of long lag times, one can expect the enzyme to
display a small but stable catalytic activity for extended
periods of time at the organic solvent/buffer interface, as
in the case of DIPE. Dynamic-tension measurements are
thus an invaluable tool for a rational approach to sol-
vent selection and enzyme engineering.

NOMENCLATURE

ay interfacial area to reactor volume ratio [m? L™!]

Coatinl pa-Hnl concentration in the aqueous bulk phase
[mg L]

cpSaan, pa-Hnl concentration at DIPE/aqueous interface
vicinity [mg L™']

Cpa benzaldehyde concentration [mM]

Cun mandelonitrile concentration [mM]

D pa-Hnl diffusion coefficient [cm? s™']

DBE dibutyl ether

DIPE diisopropyl! ether

Hnl hydroxynitrile lyase

kK effective irreversible rate constant [mg m ™ >min~']

ki rate constant of protein adsorption in first layer in
native state [L mg™' min™"]

kip rate constant of protein desorption in first layer in

native state [mg™! min~']

ko rate constant of protein adsorption in second layer
in native state [L mg~' min~"'

kap rate constant of protein desorption in first layer in
native state [min~']

ke rate constant of protein unfolding at the interface
[min™"]

Kear catalytic rate constant [min’l]

kyr mass transfer characteristic rate constant
[L m?min~}]

K koa/kop

Ky Michaelis-Menten constant [mM]

MTBE methyl tert-butyl ether

MW ot pa-Hnl molecular weight [kg mol™']

P product (benzaldehyde) concentration [mM]

pa-Hnl hydroxynitrile lyase from Prunus amygdalus
(almond)

S substrate (mandelonitrile) concentration [mA]

So initial substrate concentration [mM]

€ deactivation parameter [—]

T interfacial enzyme concentration in native state
and first layer [mg m~

T interfacial enzyme concentration in denatured
state and first layer [mg m~2]

T interfacial enzyme concentration in native state
and second layer [mg m?

Thax maximal interfacial enzyme concentration
[mg m™]

Tiag lag time for appearance of unfolded state [min]
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